A position sensitive detector for 9 MeV gamma rays has been developed as part of a contraband detection system for airports. The system images contraband, such as explosives or drugs, in a geometry similar to medical x-ray computed tomography. A point source of gamma rays shines through an unknown object. Transmission projections of the areal density of detected gamma rays are reconstructed into a 3D image, which shows the presence of concealed contraband inside the object. The image quality depends critically on the spatial resolution of the gamma ray detector. The existing detector is a modi ed version of ones developed by CTI for medical PET imaging with 0.511 MeV gamma rays. An initial prototype detector was characterized by exposing it to 9 MeV gamma rays from a 252 Cf + Ni source. Projection images of a simple phantom object show that the detector is capable of faithful imaging at 9 MeV.
I. INTRODUCTION
The Gamma Resonance Absorption (GRA) 1] technique reconstructs 3D images of concealed objects by measuring the attenuation of a gamma ray beam of a speci c energy as it passes through an opaque object, typically a stack of suitcases. The geometry of GRA is similar to x-ray CT, in that it uses a gamma beam from a point source, and an extended detector which measures the two-dimensional position of each detected gamma ray. By measuring uxes, with and without the unknown object in place, a series of two-dimensional projections of the object at di erent angles is acquired. The projections are reconstructed into images by the standard tomography techniques of x-ray CT.
The energy of the gamma rays needed for GRA is dictated by the physics of gamma ray absorption in the contraband material. In imaging explosives, the relevant gamma ray energy is that of the most prominent nitrogen resonance, 9.17 MeV. In the nal GRA system, the 9.17 MeV gamma rays will be produced by bombarding a 13 C target with a proton beam from a high-current tandem accelerator. In this work, it was necessary to test the imaging gamma ray detectors without the accelerator, which was still under construction. For this purpose an isotopic source of gamma rays was developed 2], using a resonant (n, ) reaction on metallic nickel, producing gamma rays of energy 8.99 MeV, which we will call 9 MeV. Although these 9 MeV gamma rays are slightly lower in energy than those needed for resonant absorption, the functioning of the imaging detector will be virtually identical at 9 MeV as it will be at 9.17 MeV. Figure 1 shows a schematic drawing of the detector, which was manufactured by CTI, Knoxville, TN. It di ers from those developed by the same company for PET 3] in two aspects: (1) the number of crystal segments, hereinafter called crystals, is 144 instead of the usual 64, and (2) the dimensions of the block, before sawing it into crys- tals, was 50 50 50 mm, which is substantially thicker than the 20{30 mm usually used in PET. The extra thickness was chosen to increase the interaction probability of 9 MeV gamma rays to about 77%. The 12 12 segmentation results in a crystal element size of approximately 4 4 50 mm.
The detector was tested with 60 Co gamma rays in addition to the 9 MeV gammas of interest to GRA. 60 Co gamma rays (at 1.13 and 1.33 MeV, which we refer to by their average energy, 1.25 MeV) are interesting for comparison with 9 MeV gammas because detection at 1.25 MeV occurs predominantly by the mechanism of Compton scattering, as in PET detectors. At 9 MeV the dominant mechanism for detection is positron-electron pair production, which produces a di erent distribution of scintillation light in the volume of the BGO block than at lower energies. As shown by Nestor and Huang 4], pair production begins to dominate the BGO detection e ciency at 5.5 MeV, the energy where the attenuation factor is minimum. Above this energy the functioning of the CTI block design 5] enters a new regime, which we have tested and report here for the rst time. One of the main questions to be answered is whether the block performs as well at 9 MeV as it does at the lower energies for which it was originally designed.
II. METHOD AND APPARATUS
For these performance studies, the prototype detector was mounted with the front face downward and carefully aligned at a distance of 1 m vertically above the position of a gamma ray source. Two di erent sources were used sequentially in separate data-taking runs: a point-like source of 60 Co purchased from Isotope Products Laboratory, Burbank, CA; and a 9 MeV compound isotopic source constructed at TRIUMF for this application 2]. The spectrum of gamma rays from the 9 MeV source was previously measured in the same position with a 76 mm diameter 76 mm long cylindrical Matched Window NaI Detector purchased from Harshaw, Solon, OH. Figure 2 shows the spectrum of pulse-heights acquired in a multichannel analyzer from the NaI detector. The three peaks at highest energies are the full absorption peak, rstescape, and second-escape peaks from the 9 MeV gamma rays. The counts-per-channel falls by a factor of 40 to a low (background) level at pulse-height's just above the 9 MeV full absorption peak. At pulse-heights below the secondescape peak, the counts-per-channel rises gradually to a peak at 2.22 MeV, caused by radiative neutron capture on hydrogen. Between the 2.22 MeV peak and the secondescape peak, the pulse-height spectrum is featureless. In the pulse-height range corresponding to 5{9 MeV gamma rays, the spectrum is fairly at; this portion of the energy response spectrum was used for imaging a simple phantom object using the BGO prototype detector.
The portion of the gamma ray pulse-height spectrum below the second-escape peak is from the detection of lower-energy gamma rays produced by (n, ) reactions in the nickel of the isotopic source and also from 9 MeV gamma rays which Compton-scatter in the NaI. These two mechanism's, which both contribute to populating the lower pulse-heights in the measured energy spectra, could not be distinguished from each other. The 1 m distance between the gamma ray source and the BGO detector being tested was selected to make the ux at the surface of the detector approximate a plane beam, similar to that which will be employed in the eventual GRA application. Plane beams from both sources were used to calibrate the imaging detector, and then to acquire a transmission image of a simple phantom object.
III. RESULTS Figure 3 shows two-dimensional (2D) arrays of counts vs computed X and Y position on the face of the block, acquired with the two di erent energies of gamma rays. Each event detected was placed in the appropriate array at a point (X,Y), with X and Y computed from ratios of the A-, B-, C-, and D-photomultiplier tubes' (PMT) pulse-heights for that event 3]. A calibration program nds the locations of the 144 local-maxima in these arrays, and divides each array into 144 quadrilateral areas, as shown by the checkerboard map lines overlaying the 2D plots of counts.
To fully utilize the dynamic range of the acquisition system, the high-voltage power to the PMTs was adjusted separately when using the two di erent gamma ray sources. Due to PMT gain variations, 60 Co gamma rays produced a slightly di erent map than the one determined for 9 MeV.
Using the appropriate checkerboard maps, detected events from the sources were sorted into crystal-identi ed pulse-height spectra. Figure 4 shows the pulse-height spectra acquired in the six crystals along the diagonal of the block, from block-center, at the top of the gure, to blockcorner, at the bottom. Because of varying light collection e ciency, the maximum pulse-height varies from crystal to crystal in a systematic way. For the same deposited gamma energy, the pulse-height is largest for crystals located approximately at the center of one of the four PMTs, and smallest for crystals located at one of the four corners of the block. The 60 Co spectra exhibit a photopeak corresponding to the 1.25 MeV of this source's characteristic gamma energy. The 9 MeV spectra show a broad continuum similar to what was observed with the NaI detector, but varying in scale from crystal to crystal in the same proportion as with the 60 Co source. The fractional width of the 60 Co photopeak, as measured from the top-left spectrum of Fig. 4 , is approximately 50% full-width-at-halfmaximum (FWHM) for this typical crystal at the center of the face of the detector. Since this energy resolution is much worse than has been observed with thinner block detectors 3,6], some additional tests were deemed necessary to determine the source of resolution loss. Two reasons were suspect: (1) the long narrow crystals will loose, on average, a larger portion of each gamma's scintillation light, due to an increased average number of re ections of light inside the crystal, and (2) the long narrow crystals might have more variation in the amount of collected light, depending on whether an event interacts closer or farther away from the cathode face. The distinction between these two e ects is somewhat subtle. The rst reduces the average amount of light, inducing statistical degradation but no systematic degradation of energy resolution. The second e ect causes a systematic variation of pulse-height for di erent gamma rays, with a predictable dependence on the position along the length of the crystal where they happen to interact. The rst e ect was de nitely expected, based on simple geometrical arguments. The second, "depth-of-interaction" 6], e ect may or may not be present in addition to (1) , and therefore a measurement was made to determine the size of depth-ofinteraction e ects.
Depth-of-interaction e ects were investigated by colli-mating the 60 Co source to illuminate the detector with a fan-beam impinging at one particular distance from the cathode face, as described in 6]. By performing separate measurements with the fan-beam positioned at several different locations along the length of the long narrow crystals, the variation of the photopeak pulse-height was measured as a function of depth of interaction for all 144 crystals of the detector. It was found that the photopeak pulseheight varied in the familiar way 6] with depth, namely that the pulse-height increased monotonically as the position of the fan-beam approached closer and closer to the cathode face. The amount of variation in pulse-height was observed to be about 10% per cm of depth change. As a test of the imaging performance of the detector, a simple phantom was imaged in projection geometry. The phantom consisted of a 152 101 51 mm Pb brick with a 23.8 mm diameter cylindrical hole drilled through the 51 mm thickness. The brick was placed close to the front face of the detector, so that gamma rays passed through the hole to illuminate a circular region at the center of the face; the remainder of the BGO block, outside the hole, was obscured from the source by the 51 mm thickness of Pb. A projection image was formed as follows: The number of crystal-identi ed counts in each crystal was recorded with and without the phantom object in place. The normalized count in each crystal was computed as the ratio of counts with-phantom divided by the counts withoutphantom. An image consists of the 144 normalized counts arrayed with each datum plotted at the position of the associated crystal. Figure 5 shows the projection image of the \hole-phantom" at the two source energies. The wire-frame images at the top of the gure show the relative counts at each point of the 50 50 mm 2D face of the detector. The ve histograms below the wire-frame images are 1D horizontal sections of the original 12 12 images, showing the normalized counts in each of the small crystals, over the lower half of the block. The pulse-height thresholds chosen were approximately 0.44 MeV and 5.7 MeV respectively, as indicated by the vertical lines in Fig. 4 .
IV. DISCUSSION
When segmented BGO blocks, such as the one tested here, are used to image higher and higher energy gamma rays, two counterbalancing e ects come into play. As the deposited gamma energy rises, more optical photons are produced and subsequently can be used by the detector to better mark the position of each detected gamma ray. This e ect improves the position resolution by reducing the principal source of resolution broadening at lower energies, namely photoelectron statistical noise. Another effect, which might worsen resolution, is the increasing dominance of pair production as the most probable detection mechanism of the gamma ray in BGO. Because pair production leads to positron annihilation as a secondary energy deposition mechanism, the detection of the .511 MeV secondary gamma rays may deposit energy in the block at 1 or 2 sites far from the original pair production point. The PMT ratio algorithm 3], employed in event position estimation, measures the centroid of the photon distribution. Detection of secondary gammas away from the original site will, in general, degrade position resolution. On the other hand, in pair production 8 MeV out of the original 9 MeV of gamma energy is deposited by the energy loss of the electron and positron as they slow down in the BGO prior to being captured by an atom. This slowing down process is very compact in space, and generally better for event localization than Compton scattering which dominates detection at lower energies, i.e. below 5.5 MeV. Because of these complex and competing mechanisms, it is di cult to predict whether the position resolution will be better or worse at higher energies.
The rst indication of the relative position resolution variation between 1.25 MeV and 9 MeV comes from study of 2D plane source position arrays such as those of Fig. 3 . Because of the smaller number of photons produced by a lower energy gamma ray, the peaks in the 60 Co case are not as well separated from each other as in the 9 MeV array. This causes a mixing of events between neighboring crystals, which is called crystal miscoding.
A better indication of the spatial resolution of the detector at the two energies can be obtained from an analysis of Fig. 5 . The better the resolution, the sharper will be the edge details of the circular \hole-phantom" images shown. The top central sections, displayed just below the wireframe images, are equally sharp at 9 MeV as at 1.25 MeV. Both images have a central region of approximately constant counts spanning about 3 pixels, which is 12.5 mm of the 23.8 mm diameter hole. The main di erence observed is due to a at background under the 9 MeV images, which reduces the contrast of the central region compared to the outer regions of the image on the block face. This background is from the expected penetration of the Pb by the higher energy gamma rays.
Energy resolution is another important feature of the block detector which we have measured. At .511 MeV, a 2 cm thick BGO block detector was measured to have energy resolution in the range 16{17% FWHM 3] . If photostatistics were the only contributing mechanism, using the higher energy of 60 Co would improve this resolution to about 10% FWHM. Instead we measure about 50% FWHM in the 5 cm thick prototype, indicating that the resolution is degraded by non-statistical e ects.
Depth-of-interaction variation 6] was found to be a major cause of energy resolution degradation; gamma rays penetrate the block by varying and uncontrolled amounts before interacting. The closer to the front face of the block the gamma ray happens to interact, the smaller the pulseheight of the photopeak. The rather broad photopeaks shown in Fig. 4 are indicative of a substantial depth variation of light collection, which we measured to be about 10% per cm of depth variation.
The 1/e attenuation lengths of 9 MeV and 1.25 MeV gammas are 3.4 cm, and 2.3 cm respectively. The energy resolution broadening from depth variation will therefore be somewhat worse for the deeper penetrating 9 MeV gammas.
Energy resolution varies from crystal to crystal in the block. Fig. 4 shows that the pulse-height of the 60 Co photopeak increases from crystal to crystal along the block's diagonal from center toward the corner of the block, reaching a maximum 4 crystals out from center. Beyond this crystal position, the pulse-height falls to a minimum in the corner crystal, shown at the bottom of Fig. 4 . The relatively low e ciency of light collection of the corner crystals of the 144 crystal block is a concern in this detector design. Poor light collection in the corner crystals compounds the e ect of relatively low gamma ray detection e ciency of the corner and edge crystals, caused by the loss of secondary gamma rays out of the block. Such gamma ray loss does not directly degrade the spatial resolution by the mechanism discussed above, but reduces the detection probability of the corner and edge crystals when used in our system with xed pulse-height threshold of detection. This lost e ciency could be partially recovered by implementing a lower pulse-height threshold in the corner crystals, but the associated poor energy resolution makes it impossible to lower the threshold much without admitting unacceptable amount of low-pulse-height background events.
For the isotopic source of 9 MeV gamma rays used in these tests, good energy resolution was not important. The source produces a broad spectrum of pulse-heights even in a detector with much better energy resolution, such as the NaI detector used to acquire the spectrum of Fig. 2 . At this time, it is not known whether good resolution will be a determining factor in the nal application to contraband detection. The structure of the gamma spectrum from the tandem accelerator source has not yet been measured, but will be in the near future.
V. CONCLUSIONS
A 5 5 5 cm, 144-crystal, BGO detector, fabricated by CTI for our application to contraband detection, was tested with 60 Co and 9 MeV gamma rays. No degradation in position resolution was detected between gamma energies of 1.25 MeV and 9 MeV, the region where the dominant detection mechanism changes from Compton scattering to pair-production. The energy resolution of the detector is degraded from that measured previously for thinner block detectors 3]. This degradation is to be expected from the variation in light collection along the length of long(50 mm), narrow(4 mm) crystals comprising the BGO block.
The coupling of the corner crystals to their nearest PMT needs to be improved. This can be accomplished by minor redesign of the geometry details between BGO block and PMTs, which is planned for future detector developments.
At both energies, the detector produced good projection images of a simple phantom consisting of a circular hole in a Pb brick.
